A new diluted ferromagnetic semiconductor (Sr,Na)(Zn,Mn) 2 As 2 is reported, in which charge and spin doping are decoupled via Sr/Na and Zn/Mn substitutions, respectively, being distinguished from classic (Ga,Mn)As, where charge and spin doping are simultaneously integrated. Different from the recently reported ferromagnetic (Ba,K)(Zn,Mn) 2 As 2 , this material crystallizes into the hexagonal CaAl 2 Si 2 type structure. Ferromagnetism with a Curie temperature up to 20 K has been observed from magnetization. The muon spin relaxation measurements suggest that the exchange interaction between Mn moments of this new system could be different from the earlier diluted magnetic semiconductors (DMS) systems. This system provides an important means for studying ferromagnetism in DMS.
A new diluted ferromagnetic semiconductor (Sr,Na)(Zn,Mn) 2 As 2 is reported, in which charge and spin doping are decoupled via Sr/Na and Zn/Mn substitutions, respectively, being distinguished from classic (Ga,Mn)As, where charge and spin doping are simultaneously integrated. Different from the recently reported ferromagnetic (Ba,K)(Zn,Mn) 2 As 2 , this material crystallizes into the hexagonal CaAl 2 Si 2 type structure. Ferromagnetism with a Curie temperature up to 20 K has been observed from magnetization. The muon spin relaxation measurements suggest that the exchange interaction between Mn moments of this new system could be different from the earlier diluted magnetic semiconductors (DMS) systems. This system provides an important means for studying ferromagnetism in DMS. 
I. INTRODUCTION
Diluted magnetic semiconductors (DMS) take advantage of both the charge and spin of the electron, yielding remarkable properties and functionalities. The discovery of p-type Mn-doped DMS systems, especially (Ga,Mn)As, has led to the development of multifunctional materials that combine the capabilities of semiconductors and ferromagnets [1] [2] [3] . In the prototypical (Ga,Mn)As system, substitution of the magnetic ion Mn 2+ for Ga 3+ couples spin and charge doping simultaneously. This coupling precludes the possibility of individually tuning the spin and charge degrees of freedom. Additionally, the limited chemical solubility of Mn substituted for Ga restricts bulk specimens of (Ga,Mn)As to very low Mn concentrations (<1%), although high-quality metastable thin films with Mn concentrations up to ∼15% can be fabricated via molecular beam epitaxy [4, 5] . These specimens tend to be highly sensitive to the particular preparation method and heat treatment. These challenges have led to significant interest in finding new types of DMS materials to overcome these obstacles.
Li(Zn,Mn)As was the first of a new class of DMS materials to be discovered that successfully decouples charge and spin doping [6] . This bulk material utilizes excess Li concentration to introduce mobile carriers, while independently exploiting the isovalent substitution of Mn 2+ for Zn 2+ to introduce local spins. Shortly after the discovery of Li(Zn,Mn)As, another new type of bulk ferromagnetic DMS, (Ba,K)(Zn,Mn) 2 As 2 , was synthesized, crystallizing into the so-called "122" structure [7] and exhibiting a much higher Curie temperature (T C ) up to 180 K [8] . These discoveries initiated a fruitful exploration of DMS systems, with several new DMS materials discovered, including Li(Zn,Mn)P [9] , (La,Ca)(Zn,Mn)SbO [10] , (La,Ba)(Zn,Mn)AsO [11] , and (La,Sr)(Cu,Mn)SO [12] .
In this paper, we report on a DMS compound, (Sr,Na)(Zn,Mn) 2 As 2 . This compound is a p-type semiconductor with the hexagonal CaAl 2 Si 2 structure [13] . Ferromagnetism with a maximum T C ∼ 20 K was achieved with decoupled charge and spin doping through Sr/Na and Zn/Mn substitutions, respectively.
II. EXPERIMENT
Polycrystalline specimens of (Sr 1-y Na y )(Zn 1-x Mn x ) 2 As 2 were synthesized using the solid-state reaction method [14] . All the starting materials, SrAs and Na 3 As precursors, high purity Zn and Mn powders, were mixed according to the nominal composition of (Sr 1-y Na y )(Zn 1-x Mn x ) 2 As 2 . The mixtures were pressed into pellets and sealed inside evacuated tantalum tubes to prevent the evaporation of Na. Then, the tantalum tubes were sealed inside evacuated quartz tubes. The tubes were heated to 1000 K and held for several days before the furnace slowly cooled to room temperature. The specimens were characterized by x-ray powder diffraction with a Philips X'pert diffractometer using Cu K α radiation at room temperature. Lattice parameters were determined via Rietveld analysis using the GSAS software package [15] . The dc magnetic susceptibility measurements were performed on a Quantum Design superconducting quantum interference device (SQUID) vibrating sample magnetometer (VSM) at temperatures of 2 to 300 K, and electrical transport measurements were carried out on a Quantum Design Physical Property Measurement System (PPMS) in the same temperature range. Muon spin relaxation (μSR) measurements were performed at TRIUMF in Vancouver, Canada.
III. RESULTS AND DISCUSSION
As shown in Fig. 1(a) , all of the main peaks in the x-ray diffraction patterns can be indexed by the hexagonal CaAl 2 Si 2 type structure with the space group P -3m1, excluding a few minor peaks of nonmagnetic Sr 3 As 4 and Zn 3 As 2 impurities. Although the crystal structure of the present material is very different from those of the recently reported 111, 122, and 1111 DMS materials [6, [16] [17] [18] [19] , all of these systems have a layered structure and share the common feature of [ZnAs 4 ] tetrahedral coordination. Here, the [ZnAs 4 ] tetrahedron is not regular, since the Zn-As bond along the c axis (L c ) is longer than the other three Zn-As bonds (L ab ), and the As-Zn-As bond angle α is bigger than β, as shown in Fig. 1 allows the synthesis of chemically stable bulk crystals of (Sr,Na)(Zn 1-x Mn x ) 2 As 2 for x up to 0.2. The temperature-dependent magnetization M(T) for (Sr 1-y Na y )(Zn 1-x Mn x ) 2 As 2 specimens are displayed in Fig. 2(a) . Clear signatures of ferromagnetism are observed. The solid symbols in Fig. 2(a) show M(T) for (Sr 0.9 Na 0.1 )(Zn 1-x Mn x ) 2 As 2 with x = 0.05, 0.1, 0.15, and 0.2. The Curie temperature T C rises with increasing Mn concentration, reaching a maximum of 21 K. The empty symbols show T C of (Sr 1-y Na y )(Zn 0.85 Mn 0.15 ) 2 As 2 as a function of Na concentration y. The maximum T C is 24 K for optimal Na doping (y = 0.2). Further Na doping causes the Curie temperature to gradually decrease. Above T C , the samples are paramagnetic and the magnetic susceptibility χ (T ) [ Fig. 2 (a) and 2(b)] can be fit with the Curie-Weiss formula (χ −χ 0 ) −1 = (T −θ )/C, quite well in the high temperature region (30-300 K), as shown in Fig. 2(a) . In this formula, χ 0 is a temperature-independent paramagnetic term that depends on the orbital contribution of the material [20] , C is the Curie constant, and θ is the Weiss temperature. The positive value of θ for (Sr 1-y Na y )(Zn 0. 8 M sat of all specimens is 1−2 μB/Mn, comparable to that of (Ga,Mn)As, Li(Zn,Mn)As, (Ba,K)(Zn,Mn) 2 As 2 , and Li(Zn,Mn)P [1, 6, 8, 9] . To determine T C accurately, Arrott-Noakes plots [21, 22] (that is, the square of the magnetization M 2 versus the ratio of the applied magnetic field and the magnetization H/M) were produced for all samples. The isothermal M-H measurements of Sr 0.8 Na 0.2 (Zn 0.85 Mn 0.15 ) 2 As 2 , seen in Fig. 2(d) , were redrawn as a plot of M 2 versus H/M over the temperature range of 5-35 K, shown in Fig. 2(e) . According to the Weiss-Brillouin molecular field theory, around the Curie point [21] ,
It can be seen from Fig. 2 (e) that isotherms above the calculated Curie point have a positive intercept, while the isotherms below the calculated Curie point have a negative intercept. The isotherm at the Curie point is a straight line passing through the origin. In this way, the Curie temperature was determined from Fig. 2 (e) to be 20 K for this composition. The Curie temperature for the other samples was obtained similarly.
Results of electronic transport studies are shown in Fig. 3 . Resistivity measurements shown in Fig. 3(a) indicate that SrZn 2 As 2 is a semiconductor. Substituting Na for Sr atoms introduces hole carriers, decreasing the resistivity and leading to metallic behavior in (Sr,Na)Zn 2 As 2 . As seen in Figure 3(a) , the resistivity of (Sr 0.9 Na 0.1 )(Zn 1-x Mn x ) 2 As 2 increases monotonically with increasing Mn concentration, suggesting that Mn acts as a scattering center [6] . The specimens show a local maximum of resistance around the Curie temperature, with decreasing resistivity below T C . This critical behavior of ρ is commonly observed in other magnetic semiconductors [6, 23] . As the temperature is lowered from above T C , the resistivity increases to the local maximum around T C , as a consequence of critical scattering, in which carriers are scattered by correlated spin fluctuations, resulting from shortrange interactions between spins [22, 23] . The resistance then decreases below T C because spin scattering is reduced in the ferromagnetic state due to the alignment of magnetic moments.
The details of the evolution of the ferromagnetic order will be discussed later. Figure 3(b) shows the resistivity curves ρ(T ) of (Sr 0.8 Na 0.2 )(Zn 0.85 Mn 0.15 ) 2 As 2 at various magnetic fields. Similar to the case of (Ga,Mn)As [22] , the local maximum of resistance around the Curie temperature moved to a higher temperature with the increasing applied magnetic fields. Figure 3(c) shows magnetotransport measurements of (Sr 0.8 Na 0.2 )(Zn 0.85 Mn 0.15 ) 2 As 2 at various temperatures. The negative magnetoresistance does not saturate even in a rather high field, where the spins are fully aligned according to M(H ) [Fig. 2(c) ]. In this case, the negative magnetoresistance is presumably due more to the effects of weak localization than the reduction of spin-dependent scattering [4] .
The anomalous Hall effect (AHE), resulting from spontaneous magnetization, is strong evidence for ferromagnetism in this DMS system. The AHE is generated in ferromagnetic ordered materials. Below the Curie temperature, the AHE is clearly observed in (Sr 0.8 Na 0.2 )(Zn 0.85 Mn 0.15 ) 2 As 2 , as displayed in Fig. 3(d) . The linear parts of the Hall resistivity were used to ascertain the presence of p-type carriers with a concentration of n p = 1.09 × 10 20 cm −3 , about 10% of the nominal concentration of Na. Hole carriers are expected from the substitution of Na + for Sr 2+ . Assuming each single (c) Comparison between the static internal field parameter a s determined at T = 2 K by ZF μSR versus the ferromagnetic Curie temperature T C observed in (Sr,Na)(Zn,Mn) 2 As 2 (the present results with a blue symbol), (Ga,Mn)As (Ref. [29] ), Li(Zn,Mn)As (Ref. [6] ), (Ba,K)(Zn,Mn) 2 As 2 (Ref. [8] ), and (La,Ba)(Zn,Mn)AsO (Ref. [10] ). A factor of 4/3 multiplied to the parameter a to adjust the difference from the simple exponential decay rate adopted in Ref. [29] . The data point for the present work lies well above the common line shared by the earlier DMS systems, which suggests that the exchange interaction between Mn moments could be different than Ba122 and other DMS systems.
Na
+ donates one hole, 20% Na doping should result in a hole concentration of approximately 1.8 × 10 21 cm −3 , so most of them should have been compensated by defects. A similar result of the hole concentration has been obtained in the (Ga,Mn)As system, in which most of the Mn centers, which are acting as acceptors, have been compensated by As antisite defects [24] [25] [26] . This carrier concentration is comparable to that of (Ga,Mn)As [1] , Li(Zn,Mn)As [6] , (Ba,K)(Zn,Mn) 2 As 2 , [8] and (La,Ca)(Zn,Mn)SbO [11] .
The μSR is an ideal probe to examine volume fraction and the ordered moment size in DMS systems [27] [28] [29] . Bulk polycrystalline specimens were used for μSR measurements, confirming the presence of ferromagnetism in (Sr,Na)(Zn,Mn) 2 As 2 . Figure 4(a) shows the zero-field (ZF) μSR time spectra for (Sr 0.8 Na 0.2 )(Zn 0.85 Mn 0.15 ) 2 As 2 at different temperatures, with the relaxation rates plotted in the inset of Fig. 4(b) . The onset of rapid relaxation below 26 K indicates the appearance of bulk magnetic order in this system with a Curie temperature between 22 and 26 K, in agreement with the magnetization results. The temperature evolution of the relaxation rate, which is proportional to the size of the ordered moment, indicates a steady increase in moment size as the temperature is lowered. The total amplitude of the fast-relaxing component of the asymmetry is proportional to the volume fraction of the magnetically ordered phase. As seen in Fig. 4(b) , the ordered volume fraction gradually increases below T C to 100%, matching well with the spontaneous magnetization below T C . Figure 4 (c) compares the present result on Sr 0.8 Na 0.2 (Zn 0.85 Mn 0.15 ) 2 As 2 with the earlier DMS systems of the (Ga,Mn)As [29] system, the 111 type system Li(Zn,Mn) [6] , the 122 type system (Ba,K)(Zn,Mn) 2 As 2 [8] , and the 1111 type system (La,Ba)(Zn,Mn)AsO [10] in a plot of the low temperature relaxation rate a s versus the Curie temperature T C . The data point representing the current paper comes to a very different location as compared to all the earlier DMS systems, which tend to lie along a common line. This suggests that exchange interaction between Mn moments of this new 122 type DMS with hexagonal CaAl 2 Si 2 type structure could be different than that of Ba122 and other DMS systems.
IV. CONCLUSIONS
In summary, a bulk ferromagnetic DMS material, (Sr 1-y Na y )(Zn 1-x Mn x ) 2 As 2 , with a layered hexagonal structure was synthesized. Together with carrier doping via (Sr,Na) substitution, spin doping via (Zn,Mn) substitution results in ferromagnetic order with a Curie temperature up to 20 K. The coercive field of this p-type material is less than 110 Oe. This system will motivate further exploration of new DMS systems in hexagonal semiconductors.
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